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ABSTRACT

Aromatic polyimides are interesting materials since they possess outstanding key
properties such as thermoxidative stability, high mechanical strength, high modulus, excellent
electrical properties, and superior chemical resistance. However, their low solubility makes them
difficult to characterize, process and obtain high molecular weight polymer. In this report, we
synthesized a series of precursor polymers that contains Diels-Alder (DA) adducts of anthracene.
Different dienophiles were tried. These precursor polymers are soluble in common organic
solvents such as chloroform and can be easily processed to thin films. Heating the film above
215 degree induce retro-DA reaction, which generated the fully aromatic polyimides in situ. The
solid-state retro-DA reactions were monitored by ATR-FTIR and UV-Vis spectra. The fully
aromatic polyimides are highly stable and their thin films are insoluble in organic solvents.
Profilometry and AFM studies showed that after the thermal treatment, the films are smooth and
pin-hole free, while the volumes decreased with a percentage close to the weight loss caused by
retro-DA reaction. These Polymers can have a wide range of potential applications from thermal
patterning polymers to organic photovoltaics.

iii

To my parents, who gave all I value, some debts are never repaid in full measure

iv

ACKNOWLEDGMENTS
I wish to express my sincere thanks to my advisor, Dr. Yi Liao, for his support, guidance,
thoughtful discussions and limitless patience. Without his motivation and guidance, this research
work would have been impossible to complete.
I am very grateful to Dr. Diego Diaz and Dr. Christian A. Clausen III for being on my
thesis committee. I would like to thank Dr. Nishant Bhatambreaker and the other members of my
research group for their help and support.
I specially thank Dr. Ruhai Tian for teaching me every little detail about synthetic
organic chemistry techniques. I also thank him for his friendship and being a great lab-mate
which made working in the laboratory enjoyable.
I acknowledge the financial support from the Department of Chemistry at University of
Central Florida that I received in the form of teaching assistantships, and the Graduate School in
the form of tuition funds.
I owe extra thanks to Rupam Sharma, Rakesh Shetty, Sachin Sanghvi, Pritesh Shah,
Kunal Gandhi, Chetak Patel, Himanshu Saxena, Balasubramaniam Lingam and many others for
always being willing to help and for making my life in graduate school easier.
Finally, my family’s strength and support has been my inspiration and my strength. I
would like to thank my parents, my father Dinesh Shah and mother Rekha Shah and my sister
Amee Shah for their limitless sacrifices towards what I am today and for their motivational
support throughout. I would like to give the fullest credit to my family members without whose
support this thesis would never have been realized.
v

TABLE OF CONTENTS
LIST OF FIGURES ........................................................................................................................ x
LIST OF TABLES ....................................................................................................................... xiii
1.

INTRODUCTION .................................................................................................................. 1
1.1.

High Performance Polymers ............................................................................................ 1

1.2.

Polyimides ........................................................................................................................ 6

2.

OBJECTIVES ....................................................................................................................... 13

3.

RESULTS AND DISCUSSIONS ......................................................................................... 14
3.1.

Overview ........................................................................................................................ 14

3.1.1.

Development of New Monomers ............................................................................ 15

3.1.1.1.
3.1.1.2.

Diels Alder Reaction ....................................................................................... 15
Selection of Diene ............................................................................................... 16

2,6-Diaminoanthracene ..................................................................................................... 16
3.1.1.3.

Selection of Dienophile ....................................................................................... 17

A.

Isopropyl Fumarate ................................................................................................. 17

B.

Ethylene Fumarate .................................................................................................. 18

C.

Ethyl N-Sulfinylcarbamate ..................................................................................... 18

D.

N-Sulfinylacetamide ............................................................................................... 18

3.1.2.

Polymerization ........................................................................................................ 19

A.

1,4,5,6-Napthalene tetracarboxylic dianhydride ..................................................... 22
vi

B.

1,2,4,5-Benzenetetracarboxylic dianhydride .......................................................... 22

C.

Perylene tetracarboxylic dianhydride ..................................................................... 22

3.1.3.

Solution Processing................................................................................................. 23

3.1.4.

Thermal Treatment.................................................................................................. 24

3.2.

Overall Synthesis Scheme .............................................................................................. 26

3.3.

Isopropyl Fumarate as Dienophile ................................................................................. 27

3.3.1.

Synthesis of Precursor Polyimide 3 ........................................................................ 27

3.3.2.

Synthesis of Precursor polyimide 2 ........................................................................ 37

3.3.3.

Synthesis of Oligomer 4.......................................................................................... 40

3.4.

Ethylene Fumarate as Dienophile .................................................................................. 49

3.4.1.

Synthesis of Polymer 1 ........................................................................................... 49

3.5.

Ethyl N-Sulfinylcarbamate as Dienophile...................................................................... 54

3.6.

N-Sulfinylacetamide as Dienophile ............................................................................... 55

4.

CONCLUSIONS AND FUTURE WORK ........................................................................... 57

5.

EXPERIMENTAL SECTION .............................................................................................. 59
5.1.

Measurements................................................................................................................. 59

5.2.

Synthesis Scheme ........................................................................................................... 60

5.2.1.

Synthesis of 2,6-diamino anthracene ...................................................................... 61

5.2.2.

Synthesis of Diisopropyl Fumarate......................................................................... 62

5.2.3.

Synthesis of 5 .......................................................................................................... 63
vii

5.2.4.

Synthesis of 6 .......................................................................................................... 64

5.2.5.

Synthesis of 7 .......................................................................................................... 65

5.2.6.

Synthesis of Polymer 1 ........................................................................................... 66

5.2.7.

Synthesis of Polymer 2 ........................................................................................... 67

5.2.8.

Synthesis of Polymer 3 ........................................................................................... 68

5.2.9.

Synthesis of Oligomer 4.......................................................................................... 69

5.2.10.
6.

Synthesis of Ethyl N-Sulfinylcarbamate ............................................................. 69

APPENDIX ........................................................................................................................... 71
6.1.

NMR DATA................................................................................................................... 72

6.2.

ATR-IR DATA .............................................................................................................. 83

6.2.1.

Polymer 1 ................................................................................................................ 84

6.2.2.

Polymer 2 ................................................................................................................ 85

6.2.3.

Polymer 3 ................................................................................................................ 86

6.2.4.

Oligomer 4 .............................................................................................................. 87

6.3.

TGA DATA.................................................................................................................... 88

6.3.1.

Polymer 3 ................................................................................................................ 89

6.3.2.

Oligomer 4 .............................................................................................................. 90

6.4.

PROFILOMETER DATA.............................................................................................. 91

6.5.

AFM DATA ................................................................................................................... 94

6.5.1.

Polymer 3 ................................................................................................................ 95
viii

7.

LIST OF REFERENCES ...................................................................................................... 99

ix

LIST OF FIGURES
Figure 1: Worldwide market for High Performance Polymers (2000) ........................................... 4
Figure 2: An Imide Bond ................................................................................................................ 6
Figure 3: Aromatic Hetrocyclic Polyimide and a linear polyimide ................................................ 7
Figure 4: Kapton ............................................................................................................................. 7
Figure 5: Donor Acceptor pair in Polyimides ................................................................................. 8
Figure 6: Stacks of Polyimide ......................................................................................................... 9
Figure 7: Introduction of Flexible chain segments ....................................................................... 11
Figure 8: Introduction of bulky side substituent ........................................................................... 11
Figure 9: Overview of the Method................................................................................................ 14
Figure 10: Diels Alder Reaction ................................................................................................... 15
Figure 11: 2,6-Diaminoanthracene ............................................................................................... 16
Figure 12: Isopropyl Fumarate...................................................................................................... 17
Figure 13: Ethylene Fumarate ....................................................................................................... 18
Figure 14: Ethyl N-Sulfinylcarbamate .......................................................................................... 18
Figure 15: N-Sulfinylacetamide .................................................................................................... 18
Figure 16: Mechanism of Imidization........................................................................................... 19
Figure 17: Resonance structure of Phthalic Anhydride ................................................................ 20
Figure 18: 1,4,5,6-Napthalene tetracarboxylic dianhydride ......................................................... 22
Figure 19: 1,2,4,5-Benzenetetracarboxylic dianhydride ............................................................... 22
Figure 20: Perylene tetracarboxylic dianhydride .......................................................................... 22
Figure 21: Spin Coating ................................................................................................................ 23
Figure 22: Retro Diels Alder reaction that generates fully Aromatic Polyimide ......................... 24
x

Figure 23: Overall Synthesis Scheme ........................................................................................... 26
Figure 24: Synthesis of Isopropyl Fumarate ................................................................................. 27
Figure 25: Reduction of 2,6-Diaminoantraquinone to 2,6-Diaminoanthracene ........................... 28
Figure 26: Diels-Alder Reaction of IPA Fumarate & 2,6-Diaminoanthracene ............................ 28
Figure 27: Synthesis of Polymer 3 ................................................................................................ 29
Figure 28: NMR of Polymer 3 ...................................................................................................... 30
Figure 29: TGA of Polymer 3 ....................................................................................................... 32
Figure 30: Retro Diels - Alder reaction of Polymer 3 .................................................................. 33
Figure 31: ATR-IR for Polymer 3 ................................................................................................ 34
Figure 32: AFM Polymer 3 (Left) before and (Right) after thermal treatment ............................ 35
Figure 33: Synthesis Polymer 2 .................................................................................................... 37
Figure 34: ATR-IR of Polymer 2 .................................................................................................. 38
Figure 35: ATR-IR of Polymer 2 .................................................................................................. 38
Figure 36: Failed Polymerization of Perylene Dianhydride ......................................................... 40
Figure 37: Diels-Alder Reaction of IPA Fumarate & 2-Diaminoanthracene ............................... 41
Figure 38: Synthesis of Oligomer 4 .............................................................................................. 41
Figure 39: NMR of Oligomer 4 .................................................................................................... 42
Figure 40: TGA of Oligomer 4 ..................................................................................................... 43
Figure 41: Retro Diels - Alder reaction of Oligomer 4 ................................................................. 44
Figure 42: ATR-IR for Oligomer 4............................................................................................... 45
Figure 43: ATR-IR spectra of Oligomer 4 before (up) and after (down) thermal treatment. ....... 45
Figure 44: UV-Vis spectra of Oligomer 4 before (dot line) and after (solid line) thermal
treatment ....................................................................................................................................... 46

xi

Figure 45: Oligomer 4 Before Baking (Precursor) ....................................................................... 47
Figure 46: Oligomer 4 After Baking............................................................................................. 47
Figure 47: Synthesis of Ethylene Fumarate .................................................................................. 49
Figure 48: Diels-Alder Reaction of Ethylene Fumarate & 2,6-Diaminoanthracene .................... 49
Figure 49: Synthesis of Polymer 1 ................................................................................................ 50
Figure 50: NMR of Polymer 1 ...................................................................................................... 51
Figure 51: ATR-IR for Polymer 1 ................................................................................................ 52
Figure 52: ATR-IR for Polymer 1 ................................................................................................ 53
Figure 53: Synthesis of Ethyl N-Sulfinylcarbamate ..................................................................... 54
Figure 54: Synthesis of N-Sulfinylacetamide ............................................................................... 55
Figure 55: Decomposition of N-sulfinylacetamide in presence of moisture ................................ 55
Figure 56: Overall Synthesis Scheme ........................................................................................... 60
Figure 57: 2,6 Diaminoanthracene................................................................................................ 61
Figure 58: Isopropyl Fumarate...................................................................................................... 62
Figure 59: Adduct of IPA Fumarate and Diamino Anthracene (5) .............................................. 63
Figure 60: Adduct of Ethylene Fumarate and Diamino Anthracene (6) ....................................... 64
Figure 61: Adduct of 2-Amino Anthracene and IPA Fumarate (7) .............................................. 65
Figure 62: Polymer 1 .................................................................................................................... 66
Figure 63: Polymer 2 .................................................................................................................... 67
Figure 64: Polymer 3 .................................................................................................................... 68
Figure 65: Oligomer 4 ................................................................................................................... 69

xii

LIST OF TABLES
Table 1: Profilometer Data............................................................................................................ 92
Table 2: Profilometer Data for 1-4................................................................................................ 93

xiii

1. INTRODUCTION

1.1.

High Performance Polymers

The development of High Performance polymers began in the late 1950’s primarily to
satisfy the needs of aerospace and electronics industries [1]. During the next 40 years the
intensity of the work was sporadic with many ups and downs primarily because of unstable
government and industrial funding cycles. Many companies became disenchanted with high
performance polymers after only a few years of investment because of high cost, difficulties with
processing, and an elusive market. Fortunately a few companies remained optimistic and as a
result a substantial market for high performance polymers exists today. These polymers touch
our everyday lives in one form or another.
High Performance Polymers are defined [1] in a number of ways depending on the
application and the organization developing the material.
But the term high performance polymer usually refers to polymers with:A. Unusual stability upon exposure to some harsh environment
B. High Thermal Decomposition temperature ( > 450 oC )
C. High Glass Transition Temperature ( Tg ) ( > 200 oC )
D. Extraordinary Mechanical Properties
There are a number of factors [1] which contribute to the high performance and heat
resistance in polymers.
1

Some of the Factors that contribute to the high performance characteristics of polymers are:A. Primary bond strength
B. Resonance stabilization (40 – 70 Kcal mol-1)
C. Secondary bonding forces (Hydrogen bonding, π-π interaction, polar interactions, van der
waal’s forces, etc.)
D. Molecular weight and distribution
E. Molecular symmetry ( Regularity of structure, Crystallanity)
F. Rigid structure
G. Crosslinking
H. Purity
I. Mechanism of bond cleavage ( recombination, unzipping)
J. Additives or reinforcements ( fillers, clays, various nanoparticles, etc.)
Primary bond strength is the most important factor. The difference in the bond
dissociation energy between C-C ( 83 Kcal mol-1 ) with C=C ( 145 Kcal mol-1 ) explains why
high temperature polymers are composed mainly of aromatic or heterocyclic rings that offer
resonance stabilization( 40-70 Kcal mol-1 ). The bond energy of C-F ( 123 Kcal mol-1) is
significantly more than that of C-H and therefore perfluoroaromatic rings would be expected to
be more thermally stable than their hydrogen counterparts. However perfluoroaromatic groups as
well as perfluoroaliphatic units increase the cost of polymer and, in most cases are difficult to
synthesize and incorporate into aromatic or semi aromatic polymers.

2

Secondary bonding forces, such as hydrogen bonding, polar interaction, Van der Waals
forces, add considerable stabilization to polymers. These forces contribute to the intermolecular
attraction between polymer chains and affect properties such as Tg and modulus.
Polymers with high molecular weight and a narrow molecular weight distribution tend to
be more thermally stable then polymers of lower molecular weight and broader molecular weight
distributions. Low molecular weight species in polymer cause a reduction in performance,
especially mechanical performance ( low modulus and toughness ). Low molecular weight
fractions tend to plasticize the polymer resulting in lower Tg. The regularity of polymers
structure and its crystallanity has pronounced effects upon performance and thermal stability.
Polymers composed primarily of rigid intrachain structures, such as rigid rod polymers,
are more thermally stable and exhibit higher strength and modulus than similar polymers
containing flexible groups, such as ether or carbonyl groups. Rigid groups are more resistant to
vibrations that lead to bond rupture. Crosslinked polymers are more thermally stable than the
corresponding linear polymers since more than one bond must be cleaved to cause molecular
weight reduction.
Polymer purity is also an important factor. Polymers containing residual metals or
organometallic compounds are less stable than corresponding polymers void of

such

contaminants, residual metals or organometallic compounds catalyze the degradation of
polymers at high temperatures, particularly in the presence of air.
Additives are commonly used to stabilize polymers exposed to certain environments, such
as ultraviolet radiation coupled with moisture and elevated temperatures.
These polymers are used in a variety of applications such as:3

A. Thermal protection systems
B. Coatings ( non stick interiors, exteriors, etc. )
C. Electronic/Microelectronic components ( Circuit boards, Photoresists, Photovoltaics,
Insulation, etc. )
D. Fire resistant materials ( protective clothes, parachutes, fire barricades )
E. Jet engine components
F. Liquid crystalline displays
G. Medical devices
H. Membranes
I. Reinforcements ( High modulus/High strength fibers)
and many more….
An assessment by Kline and Company [2] for the worldwide market for high temperature
polymers in 2000 is shown in the figure below.

Figure 1: Worldwide market for High Performance Polymers (2000)
4

Some of the polymers included in this assessment are not high temperature polymers but
they apparently exhibit higher temperature performance than their competitors, such as
polypropylene and the more conventional nylons. Others e.g. polyphenylene sulfide, have
excellent chemical resistance and good thermo oxidative stability and are viewed by many as
high temperature polymers. Polyphenylene sulfide composites are being considered for use on
the new Airbus commercial airplanes. These applications will not be at high temperature but this
represents a potentially large market.
The most thermally stable polymers in the pie charts are polyimides. The volume for
polyimides excluding the polyetherimide was small ( 2% or about 3,982,000kg ) but the dollar
value was large ( 24% or $1065 Million ) These number place the price of polyimides at $268
per Kg.

5

1.2.

Polyimides

The most popular of all high performance polymers are polyimides as can been seen from
data presented before. More work has been done on polyimides than all other high performance
polymers combined. They are a very interesting group of incredibly strong and astoundingly heat
and chemical resistant polymers [3]. Their strength and heat and chemical resistance are so great
that these materials often replace glass and metals, such as steel, in many demanding industrial
applications. Polyimides are even used in many everyday applications. They are used for the
struts and chassis in some cars as well as some parts under-the-hood because they can withstand
the intense heat and corrosive lubricants, fuels, and coolants cars require. They are also used in
the construction of many appliances as well as microwave cookware and food packaging because
of their thermal stability, resistance to oils, greases, and fats , and their transparency to
microwave radiation. They are also used in circuit boards, insulation, fibers for protective
clothing, composites, and adhesives.[4-6]
An imide is a group in a molecule that has a general structure which looks like this:

Figure 2: An Imide Bond
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Polyimides usually take one of two forms. The first of these is a linear structure where
the atoms of the imide group are part of a linear chain. The second of these structures is a
heterocyclic structure where the imide group is part of a cyclic unit in the polymer chain.

Figure 3: Aromatic Hetrocyclic Polyimide and a linear polyimide

Aromatic heterocyclic polyimides, like the one on the left, are typical of most
commercial polyimides, such as Ultem from G.E. and DuPont's Kapton.
( The most successful polyimide KAPTON was developed by Dupont.

Figure 4: Kapton

The properties of KAPTON made from pyromellitic dianhydride and 4,4’-oxydianiline are
unique and no other commercial polyimide has challenged the properties-price balance that this
high temperature film offers .)
7

These properties come from strong intermolecular forces between the polymer chains. A
polymer which contains a charge transfer complex consists of two different types of monomers,
a donor and an acceptor. The donor has plenty of electrons to go around because of its nitrogen
groups. The carbonyl groups, sucks away its electron density, so the donor lends some of its
electrons to the acceptor, holding them tightly together.

Figure 5: Donor Acceptor pair in Polyimides

The charge transfer complex works not only between adjacent units in the polymer chain,
but also between chains. The chains will stack together like strips of paper, with donors and
acceptors paired up.

8

Figure 6: Stacks of Polyimide

This charge transfer complex holds the chains together very tightly, not allowing them to
move around very much. When things can't move around on the molecular level, they can't move
around in the whole material. This is why polyimides are so strong.
Many routes such as the representative ones listed below, have been used to synthesize various
polyimides:
1. Reaction of an aromatic dianhydride and an aromatic diamine in a polar aprotic solvent to
form a polyamide acid ( polyamic acid ) solution and subsequent cyclodehydration
chemically or thermally to the polyimide.[7]
2. Melt polymerization of an aromatic dianhydride and an aromatic diamine.[8]
3. Reaction of an aromatic dianhydride and an aromatic diisocyanate to form a seven
membered ring that eliminates carbon dioxide to form the polyimide.[9]

9

4. Reaction of an aromatic dianhydride or tetracarboxylic acid and an aromatic or aliphatic
diamine in high boiling solvents ( e.g. m-cresol ) (directly to polyimide)[10].
5. Esters of aromatic tetracarboxylic acids can be reacted with aromatic diamines in solution
at high temperature to form polyimides.[11-12]
6. Reaction of aromatic tetracarboxylic acid esters chlorides with aromatic diamine to form
a precursor polyamide ester that is subsequently converted to the polyimide.[13]
7. Nucleophilic displacement of activated nitro group in a compound with preformed imide
rings with phenoxide anion ( e.g. bis(nitrophthalimides) and bisphenol salts ).[14]
8. Use of monomers containing preformed imide rings; transimidization where a diimide is
reacted with a more basic diamine using a catalyst to effect an exchange reaction.[15]
9. By the Friedel-Crafts reaction where a monomer with preformed imide rings containing
terminal phenyl groups is reacted with a diacid chloride.[16]
10. Reaction of an AB monomer containing an aromatic amine on one end and ortho
carboxylic acid ester on the other end using a phosphorous catalyst to form a polyimide
ester that was subsequently converted to the polyimide.[17]
11. Reaction of N-trialkylsilylated alicyclic tetracarboxycyclic dianhydride to form
poly(amide acid trialkylsilyl esters) that are thermally converted to polyimides.[18]
Aromatic polyimides in particular have found a wide range of applications in advanced
technologies. They were developed in the 1960s thanks to intensive research on heat resistant
polymers and soon became highly important because of their excellent thermal stability, along
with good mechanical and electrical properties.
However fully aromatic polyimides have low solubility due to extreme structural rigidity
and strong intermolecular interactions which make it difficult to characterize, process and obtain
10

high molecular weight polymers. Thus new strategies for novel processable aromatic polyimides
have been developed which focus mainly on chemical modifications, by preparing new
monomers that provide less molecular order, torsional mobility and lower intermolecular
bonding. [19]
Of the various alternatives to design novel processable aromatic polyimides, some
general approaches [39-41] have been universally adopted such as
A. Introduction of aliphatic or another kind of flexible segments, which reduce chain
stiffness.

Figure 7: Introduction of Flexible chain segments

B. Introduction of bulky side substituents, which help for separation of polymer chains and
hinder molecular packing and crystallization.

Figure 8: Introduction of bulky side substituent
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C. Use of enlarged monomers containing angular bonds, which suppress coplanar structure.
D. Use of 1,3-sustituted instead of 1,4-substituted monomers, and/or asymmetric monomers,
which lower regularity and molecular ordering.
E. Preparation of co-polyimide from two or more dianhydrides or diamines.
However factors leading to better solubility often conflict with other important
requirements, such as mechanical properties, thermal resistance or chemical resistance.

12

2. OBJECTIVES

Aromatic Polyimides are used as high-performance structural materials and packaging
materials in electronic circuits [6,20,4,3,21]. They are used in the aerospace and microelectronics industries in the form of films, moldings and foams [22]. They are also used to make
light weight bullet proof vests. Aromatic polyimides have a wide range of applicability due to
their high glass transition temperature, chemical resistance and mechanical properties [5], but
fully aromatic polyimides cannot be used for many specific applications because of difficulties in
processability, mainly due to extreme structural rigidity. Modifications to the chemical structure
have been made to improve solubility and processability. For instance, the incorporation of
flexible linkages between aromatic rings in the main chain or bulky pendent groups in the side
chain has improved the solubility. However factors leading to better solubility often conflict with
other important requirements, such as mechanical properties, thermal resistance or chemical
resistance.
The objective of this project was thus to synthesize side-chain free, highly aromatic
polyimides. The approach I was interested in using was a precursor route using Diels Alder
Adducts of Aromatic Diamine as monomers and polymerizing them with Aromatic anhydrides to
polyimides. These polyimides should be easy to process in solution form because of presence of
the dienophile, which would make it soluble in common organic solvents. After the processing of
the polyimides the Retro-Diels Alder reaction can be carried out in situ in solid state which
would release the Dienophile to produce fully aromatic polyimides.

13

3. RESULTS AND DISCUSSIONS

3.1.

Overview

The work to be presented in this project describes the synthesis of New Novel fully
Aromatic Polyimides.

Figure 9: Overview of the Method
The work done can be broken down into 4 key steps
1. Monomers Synthesis (using Diels Alder Reaction)
2. Polymerization
3. Solution Processing
4. Thermal Treatment (retro Diels Alder reaction)

14

3.1.1. Development of New Monomers
The synthesis of new novel polymers requires the synthesis of new monomers that can be
polymerized, so the First Step was the Development of New Monomers. The approach I
decided to use was using Diels Alder type reaction.
3.1.1.1.

Diels Alder Reaction

The wonderful thing about Diels Alder reaction is that it is simple and in many cases
reversible. The Diels-Alder reaction is generally considered the "Mona Lisa" of reactions in
organic chemistry since it requires very little energy to create the very useful cyclohexene ring.
The Diels Alder (DA) reaction involves using a Diene and a Dienophile which can simply be
heated together to form a DA adduct. The three double bonds in the two starting materials are
converted into two new single bonds and one new double bond. Since this reaction forms two
new carbon-carbon bonds in a single step, it is a very useful and powerful reaction (one which
earned Otto Diels and Kurt Alder a Nobel Prize in chemistry for discovering it). Also most of the
DA adduct undergo a retro DA reaction fairly easily under favorable conditions.

Figure 10: Diels Alder Reaction

The reaction occurs via a single transition state, which has a smaller volume than either
the starting materials or the product. It is an associative type of reaction, and it is sped up by very

15

high pressures. The diene component in the Diels-Alder reaction can be open-chain or cyclic and
it can have many different kinds of substituents. In the case of dienophile a number of different
compounds can be used, also no major loss in reactivity of dienophile is seen when one, or both,
of the carbons are substituted for another variety of atom. (Hetrodienophile)
So next would be the selection of suitable Diene and Dienophile which would give the
final polymer excellent properties
3.1.1.2.

Selection of Diene

2,6Diaminoanthracene was selected as the diene.

Figure 11: 2,6-Diaminoanthracene

There were several reasons for choosing 2,6-diaminoanthracene as the diene.
A. If anthracene adducts functionalized in particular positions (2,6-) are used then the
eventual aromatic polyimide will contain near-linear anthracene units and thus potentially
retain many of the desirable properties that polyimide has due to its extended rod-like
structure,
B. Anthracene is a well known diene, readily undergoing Diels-Alder reactions with a wide
range of dienophiles[23,24]
C. The Diels-Alder reactions of anthracenes are relatively unaffected by substituents on the
peripheral rings[25-27], and
16

D. The retro-Diels-Alder reactions of anthracene adducts generally take place at
temperatures above 200 oC [28-29], thus enabling processing of the precursor polymers
below this temperature ceiling.
Thus the chosen monomers would have Diels-Alder adducts of 2,6-diaminoanthracenes.
Once these monomers had been incorporated into the polyimide structures, retro-Diels-Alder
reactions could be carried out to produce the all-aromatic anthracene-containing polyimides.
3.1.1.3.

Selection of Dienophile

The main criterion for the selection of dienophile was the temperature at which the retro
Diels Alder reaction takes place. From literature review it was known that the fumarates have a
retro Diels Alder temperature of around ~215 oC,[30] which was perfect for our application. The
Sulfinyl Compounds had a retro Diels Alder temperature of around ~( 120 – 200 oC ) [31-33],
this temperature ceiling offered by sulfinyl compounds would also be interesting as this would
make the resulting polyimides even more useful and practical. Apart from the temperature the
dienophiles chosen also readily undergo the Diels-Alder reaction with 2,6-Diaminoanthracene.
Thus the Monomers synthesized had 2,6-Diaminoanthracene as the Diene and the
following dienophile were tried.
A.

Isopropyl Fumarate

Figure 12: Isopropyl Fumarate
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B.

Ethylene Fumarate

Figure 13: Ethylene Fumarate
C.

Ethyl NSulfinylcarbamate

Figure 14: Ethyl N-Sulfinylcarbamate
D.

NSulfinylacetamide

Figure 15: N-Sulfinylacetamide

Of the four different dienophiles Ethyl N-Sulfinylcarbamate and N-sulfinylacetamide are
Hetrodienophile.

18

3.1.2. Polymerization
The Second step would be the Polymerization of the DA adduct with an Aromatic
anhydride to form a soluble precursor polyimide. (This would be soluble because of the bulky
dienophile attached) This route of Polyimidization using an aromatic dianhydride and a diamine
[34] was chosen because this is one of the simplest routes.
The Mechanism is a nucleophilic substitution reaction [4] at one of the carbonyl carbon
atoms of the dianhydride with diamine, followed by dehydration.

Figure 16: Mechanism of Imidization
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Since the Mechanism is a nucleophilic substitution reaction, it is expected that the
reaction rate is primarily governed by the electrophilicity of the carbonyl groups of the
dianhydride and the nucleophilicity of the amino nitrogen atom of the diamine.

Figure 17: Resonance structure of Phthalic Anhydride

Phthalic anhydride group is not an acid in Bronsted’s sense, but is a strong electron
acceptor and, therefore, a relatively strong Lewis acid. The two carbonyl groups are situated at
the ortho position to each other and their strong electron withdrawing effect activates each other
towards nucleophilic reaction. The effect is particularly enhanced by the preferred carbonyl
conformation locked in the coplanar aromatic ring as illustrated by the resonance structure in
figure.
Among commonly available dianhydrides 1,2,4,5-Benzenetetracarboxylic dianhydride is
the most reactive. It possesses four carbonyl groups attached to the same benzene ring in a
coplanar conformation and, therefore shows the strongest tendency to accept an electron. The
electrophilicity of carbonyl carbons of each dianhydride can be measured in terms of electron
affinity, a tendency to accept an electron, of the molecule. Investigators [35] have also quantifies
the electron affinity ( Ea ) for various dianhydrides by polarographic measurements.
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Because of the strong electron accepting property of dianhydrides and high electron
density of amino groups of many diamines, quantum chemical analysis predicts that a charge
transfer interaction and electrostatic interaction between dianhydride and diamine contributes
significantly to the reactivity [36]. The acylation of a diamine with a dianhydride is preceded by
a charge transfer interaction in which diamine is a donor and dianhydride an acceptor. It is a
common observation that the reaction mixture exhibits a strong color of charge transfer complex
at the beginning, and that the color gradually fades as the acylation proceeds.
Unlike the Ea value of dianhydrides, the ability of diamine to give off an electron, the
Ionization Potential (I) does not seem to correlate well in a simple manner, although the reaction
rates of diamines towards a given dianhydride generally increase with the increase in their
ionization potential. The reactivity of diamine instead correlates well with its basicity ( pKa ) in a
Hammett’s equation[36].
The structure of diamines seems to influence the rate of acylation reaction more that the
variation in dianhydride structure. It should be noted that the rate constants differ by four orders
of magnitude between amines with electron-donating substituents and those with electronwithdrawing ones.
For our case we decided to try these 3 different aromatic dianhydrides.
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A.

1,4,5,6Napthalene tetracarboxylic dianhydride

Figure 18: 1,4,5,6-Napthalene tetracarboxylic dianhydride
B.

1,2,4,5Benzenetetracarboxylic dianhydride

Figure 19: 1,2,4,5-Benzenetetracarboxylic dianhydride
C.

Perylene tetracarboxylic dianhydride

Figure 20: Perylene tetracarboxylic dianhydride
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3.1.3. Solution Processing

The Third step is solution processing of the soluble polyimide to films by spin coating.
Glass slide can be used as a substrate material.

Figure 21: Spin Coating

The significance of this step was mainly to characterize the polymers synthesized. The
characterizations that were carried out such as ATR, UV-Vis, AFM and Profilometery can easily
be carried out on a glass substrate. Also for the next step that was thermal treatment the substrate
used should be stable during the treatment.
Other solution processing techniques such as drop casting can also be used in case where
the surface properties are not to be studied. In fact very thick films can be obtained by this
method, which is required to study the mechanical properties of the polymers. Other ways to
prepare free standing thick film is by the use of Telfon as a substrate for spin coating instead of
glass.
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3.1.4. Thermal Treatment

The Fourth and final step in order to generate fully aromatic polyimides would be the
solid state thermal treatment of the films (of precursor polyimide) where the Retro Diels Alder
reaction takes place

Figure 22: Retro Diels Alder reaction that generates fully Aromatic Polyimide

This is the step that generated the final fully aromatic polyimide. The temperature to
which the precursor polyimide has to be subjected to, can be found by the use of TGA
(Thermogravimetric analysis). The thermal treatment can be performed using a vacuum oven or
using a regular oven with nitrogen purging.
Apart from the retro Diels Alder reaction that takes place in this step, there is a
rearrangement of the polymer chains which are formed after the release of the dienophile. This
rearrangement helps in the regular stacking of the polymer. This stacking of the polymer is
24

important because it determines the secondary bonding between the polymer chains which in
turn determine its final properties.
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3.2.

Overall Synthesis Scheme

Figure 23: Overall Synthesis Scheme
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In order to prove that this approach is useful and applicable to a wide range of systems
the next step was to synthesize a range of polymers having different monomer linkers and
different dienophiles. Four different dienophiles were tried and three different monomers
(dianhydrides) were tried. The results and procedure are mentioned in this section. The detailed
synthesis procedure is mentioned in the Experimental Section.

3.3.

Isopropyl Fumarate as Dienophile

3.3.1. Synthesis of Precursor Polyimide 3
Isopropyl Fumarate has been prepared and found to be a good dienophile for Diels Alder
reactions [30]. The other important consideration in choosing this molecule is that they have a
relatively high boiling point and also they are quite stable during the polymerization conditions.
Previous work [30] also shows that the retro Diels Alder reaction takes place above ~215oC
which leaves enough room for solution processing of the precursor polyimides.
IPA Fumarate was synthesized as per literature procedure [30].

Figure 24: Synthesis of Isopropyl Fumarate

The synthesis procedure and NMR data is mentioned in the experimental section for
reference. We were able to synthesize this product with a good yield and in significant quantity.
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Diamine Anthracene was synthesized by the reduction of 2,6-Diaminoanthraquinone
which is readily available, according to the procedure[30] used by Rabjhons et. al.

Figure 25: Reduction of 2,6-Diaminoantraquinone to 2,6-Diaminoanthracene

After the synthesis of the diene and the dienophile, the Diels Alder reaction is carried out
in presence of a high boiling solvent chlorobenzene to obtain the DA Adduct 5. The naming of
the synthesized compounds is described in the synthesis scheme.

Figure 26: Diels-Alder Reaction of IPA Fumarate & 2,6-Diaminoanthracene
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The DA adduct 5 is then used for the synthesis of the precursor polyimide 3. The
precursor Polyimide 3 was synthesized by condensing Naphthalene tetracarboxylic anhydride
with the DA adduct following the synthetic route mentioned in literature.[34] Condensation
Polymerization is carried out in m-cresol in the presence of isoquinoline (Catalyst) at ~130 oC to
synthesize the polymer 3.

Figure 27: Synthesis of Polymer 3

The DA adducts, as expected were fairly stable in the reaction condition. The NMR of
the precursor polyimide 3 showed that the integration of the peaks corresponding to the ester
groups is only slightly less than the expected values. This might be due some extent of retro
Diels Alder reaction taking place during the polymerization
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1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.83 (s, br, 4H), 7.04 – 7.64 (m, 6H), 4.98 (m, br, 4H),

3.57 (br, 2H), 1.22 (m, br, 12H).

Figure 28: NMR of Polymer 3

The precursor polyimide 3 was soluble in chlorinated solvents such as chloroform and
chlorobenzene and also DMSO. The good solubility of the polyimides is due to the irregular
zigzag conformation caused the by the anthracene DA adduct and the aliphatic chains on the
fumarate. Thus the first objective to synthesize a soluble precursor polyimide was achieved.
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Now in order to characterize the polymer and evaluate the properties it is necessary to
process it into films. The thin films of precursor polyimide 3 is then processed using 1,1,2trichloroethane as the solvent and by spin casting onto a glass substrate. Good quality films were
obtained by this method with thickness ranging from 200nm to 1.1µm.
The next step was the thermal treatment which is necessary in order to generate fully
aromatic polyimides in situ from precursor polyimide 3 via the retro-Diels – Alder reaction.
In order to determine the exact temperature at which the retro DA reaction takes place
Thermo gravity analysis (TGA) was applied. From the TGA it was determined that the onset
temperature for the weight loss which corresponds to the removal of the IPA Fumarate was
around 215 oC. This result corroborated with the previous work which had shown that retro-Diels
- Alder reaction of similar adducts occurred above 215 oC[30]
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Figure 29: TGA of Polymer 3

The percentages of the weight loss also corresponded well with the theoretical value of
fumarate dissociation. The in situ generated polyimide was highly stable as expected. The
Polyimide generated from precursor polymer 3 started decomposing above 500 oC
The thermal treatment for retro DA reaction was then conducted by heating the films in a
vacuum oven at 230 oC overnight.
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Figure 30: Retro Diels - Alder reaction of Polymer 3

ATR-IR was utilized to monitor the progress of the retro-DA reaction. Disappearance of
the aliphatic C-H stretch ~ 3000 cm-1 and decrease of the C=O stretch at ~1710 cm-1 was
observed in the IR spectra, which confirmed that the retro-DA reaction was close to completion.
The aliphatic C-H stretch is from the IPA Fumarate and disappearance of this is a clear proof that
the DA/retro DA method that we used is successful.
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Figure 31: ATR-IR for Polymer 3

In addition, after the thermal treatment, films became insoluble in all the tested organic
solvents including DMSO, NMP, chloroform and chlorobenzene.
One concern about using the precursor chemistry to prepare desirable materials in situ is
that whether releasing dienophiles such as Isopropyl fumarate will result in a porous material or
other undesirable effects such as holes or cracks in the surface. No previous work has been done
on this important problem. We used Profilometery and Atomic Force Microscopy ( AFM ) to

34

study the surface of the thin films before and after the thermal treatment. Smooth surface free
from cracks or holes was observed after the thermal treatment.

Figure 32: AFM Polymer 3 (Left) before and (Right) after thermal treatment

Shown above is the AFM image of the precursor polyimide 3 (left) before thermal
treatment and right after thermal treatment. The area scanned was 80µm x 80µm, the scale on the
right of each image shows the color and the corresponding height. As can be seen the surface is
extremely flat before and after the thermal treatment, and the claim we made of hole and cracks
free surface can be confirmed.
However, the thickness of the film substantially decreased. This observation may be
explained by considering that, the releasing of the fumarate was accompanied by the
conformation change of the polymers, which filled the space left by the fumarate. Therefore,
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while the process does not produce porous materials, the volume change must be considered in
the applications.
The percentage of the thickness decrease for precursor Polyimide 3 was around 26%.
Since there was no wrinkling observed, the thickness decrease is approximately same as the
volume decrease for the thin films. It can be seen that the volume change correlated well with the
weight loss due to releasing the fumarate ( ~31% ). In another word, the volume change of this
type of materials is predictable. When the volume decrease is a major concern, smaller
dienophiles should be used to substitute fumarate to minimize the volume change.
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3.3.2. Synthesis of Precursor polyimide 2
Precursor Polyimide 2 is synthesized by using the same approach used for the previous
mentioned polyimide.
The adduct of 2,6-Diaminoanthracene and Isopropyl Fumarate, is subjected to
polymerization with 1,2,4,5-Benzenetetracarboxylic dianhydride. Condensation Polymerization
is carried out in m-cresol in the presence of isoquinoline (catalyst) at ~130 oC to synthesize the
precursor polyimide 2. The structure of the polymer is determined by NMR.
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.46 (s, br, 2H), 7.54 (br, 2H), 7.42 (br, 2H), 7.29 (br,

2H), 5.02 – 4.84 (m, br, 4H), 3.45 (s, br, 2H), 1.33 – 1.14 (m, br, 12H).

Figure 33: Synthesis Polymer 2
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After the synthesis of the precursor polyimide 2 it was spin coated onto a glass film using
1,1,2-trichloroethane as the solvent and then thermally treated at 230oC overnight under vacuum
in a vacuum oven.

Figure 34: ATR-IR of Polymer 2

Figure 35: ATR-IR of Polymer 2
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The ATR-IR confirmed the before and after baking changes in the precursor polyimide 2
as expected. (Disappearance of the aliphatic peaks C-H around 3000cm-1)
From the Profilometer data the percentage of the thickness decrease for precursor
polyimide 2 was around 26%. Since there was no wrinkling observed, the thickness decrease is
approximately same as the volume decrease for the thin films. It can be seen that the volume
change correlated well with the weight loss due to releasing the fumarate ( ~34% ).
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3.3.3. Synthesis of Oligomer 4
Based on the same approach used for the previous 2 polymers we tried to synthesize a
polymer with DA adduct 5 and perylene tetracarboxylic dianhydride as the monomers. But all
efforts to synthesize this polymer failed this failure can be attributed to solubility issues. There
was some polymer with low molecular weight which was formed as seen from the TLC (Thin
Layer Chromatography) but could not be separated.

Figure 36: Failed Polymerization of Perylene Dianhydride
So we decided to use another approach for the synthesis and instead of a polymer we
tried to synthesize an oligomer (short chain molecule).
For the synthesis of Oligomer 4 the first step was the synthesis of monomer (7). So
instead of the 2,6-Diaminoanthracene we used 2-Aminoanthracene and Isopropyl Fumarate. 2Aminoanthracene is used as purchased from Acros Chemicals. The Diels Alder reaction is then
carried out in presence of refluxing chlorobenzene to obtain the Adduct (7).
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Figure 37: Diels-Alder Reaction of IPA Fumarate & 2-Diaminoanthracene

The precursor Oligomer 4 was synthesized by condensing Perylene tetracarboxylic
dianhydride with the DA adduct (7) using similar conditions as used for polymerization.

Figure 38: Synthesis of Oligomer 4
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The DA adducts, as expected were fairly stable in the reaction condition, and the NMR
confirmed the structure of the Oligomer 4.
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.69 – 8.41 (m, 8H), 7.50 – 7.07 (m, 14H), 5.01 – 4.72

(m, 8H), 3.53 – 3.43 (m, 4H), 1.27 – 1.13 (m, 24H).

Figure 39: NMR of Oligomer 4

The starting material Perylene Tetracarboxylic anhydride is very insoluble in most of the
solvents due to extreme structural rigidity. But after the reaction the product Oligomer 4 was
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very soluble in most of the chlorinated solvents such as chloroform, trichloroethane and
chlorobenzene and also DMSO.
Thin films of Oligomer 4 was processed from 1,1,2-trichloroethane solutions by spin
casting onto a glass substrate.
Thermo gravity analysis (TGA) was applied to test the required temperature for retroDiels - Alder process.

Figure 40: TGA of Oligomer 4

TGA of Oligomer 4 showed that the onset temperature for weight loss is ~215 oC. The
percentages of the weight loss corresponded well with the theoretical value of fumarate
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dissociation. The in situ generated polyimide was highly stable as expected. The Polyimide
generated from Oligomer 4 started decomposing above 550 oC
Thermal treatment for retro DA reaction was conducted by heating the films in a vacuum
oven at 230 oC overnight.

Figure 41: Retro Diels - Alder reaction of Oligomer 4

ATR-IR was utilized to monitor the progress of the retro-DA reaction. Disappearance of
the aliphatic C-H stretch between 3000 cm-1, intensification of the aromatic C-H stretch above
3000 cm-1, and decrease of the C=O stretch at ~1710 cm-1 have been observed in the IR spectra,
which confirmed that the retro-DA reaction was close to completion.
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Figure 42: ATR-IR for Oligomer 4

Figure 43: ATR-IR spectra of Oligomer 4 before (up) and after (down) thermal treatment.
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Characteristic UV absorption of anthracene between 300-400 nm also appeared in after the
thermal treatment. The anthracene absorption which can be seen on the UV is the unambiguous
sign that the retro Diels Alder reaction does take place because, in the presence on the fumarate
the conjugation of the anthracene ring is broken, but after the release of the dienophile the
conjugation is achieved.

Figure 44: UV-Vis spectra of Oligomer 4 before (dot line) and after (solid line) thermal
treatment

In addition, after the thermal treatment, films became insoluble in all the tested organic
solvents including DMSO, chloroform and chlorobenzene.
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The percentage of the thickness decrease for Oligomer 4 was around 37%. This large
decrease can be visualized by looking at the 3D structure of the Oligomer 4 before and after
thermal treatment.

Figure 45: Oligomer 4 Before Baking (Precursor)

Figure 46: Oligomer 4 After Baking
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From this it can been seen that before the thermal treatment of the Oligomer 4 the
packing of the molecules is poor due to presence of bulky Isopropyl fumarate groups attached to
the Anthracene molecules. Initially this is required to improve the solubility of the Oligomer 4,
but after the thermal treatment the fumarate groups are detached due to the retro Diels – Alder
reaction, as a result the molecules collapse and are packed together tightly.
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3.4.

Ethylene Fumarate as Dienophile

3.4.1. Synthesis of Polymer 1
After the favorable results from the use of IPA Fumarate as Dienophile, we wanted to
try other fumarate such as Ethylene Fumarate and study the effect on the final polyimide.
Ethylene fumarate was synthesized by modification in procedure used for Isopropyl Fumarate.

Figure 47: Synthesis of Ethylene Fumarate

We were able to synthesize this product with a good yield in significant quantities.
The Diels Alder reaction is then carried out in presence of a high boiling solvent like
chlorobenzene to obtain the Adduct ( 6 ), just as in case of IPA fumarate Adduct.

Figure 48: Diels-Alder Reaction of Ethylene Fumarate & 2,6-Diaminoanthracene
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The

precursor

Polyimide

1

was

synthesized

by

condensing

1,2,4,5-

Benzenetetracarboxylic dianhydride with the DA adduct ( 6 ) following the synthetic route[30]
Condensation Polymerization is carried out in m-cresol in the presence of isoquinoline at ~130
o

C to synthesize the polymer 1.

Figure 49: Synthesis of Polymer 1

The DA adducts, as expected were fairly stable in the reaction condition. The structure of
precursor polyimide 1 was confirmed by NMR
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1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.47 (s, 2H), 7.55 (d, br, 2H), 7.46 (d, br, 2H), 7.29 (m,

br, 2H), 4.91 (d, br, 2H, bridge), 4.13 (m, 4H), 3.52 (m, 2H, bridgehead), 1.27 (m, 6H).

Figure 50: NMR of Polymer 1

The precursor polyimide 1 was soluble in chlorinated solvents such as chloroform and
polar aprotic solvent such as DMSO and NMP. The good solubility of the polyimides is due to
the irregular zigzag conformation caused the by the anthracene DA adduct and the aliphatic
chains on the fumarate. Thin films of the polymer were processed using 1,1,2-trichloroethane as
the solvent and by spin casting it onto glass slides.
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Thermal treatment is necessary to generate fully aromatic polyimides in situ from
precursor polyimide 1 via retro-Diels – Alder reaction. Thermal treatment for retro DA reaction
was conducted by heating the films in a vacuum oven at 230 oC overnight.
ATR-IR was utilized to monitor the progress of the retro-DA reaction. Disappearance of
the aliphatic C-H stretch between 3000 cm-1 confirmed that the retro-DA reaction was close to
completion.

Figure 51: ATR-IR for Polymer 1
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Figure 52: ATR-IR for Polymer 1
In addition, after the thermal treatment, films became insoluble in all the tested organic
solvents including DMSO, chloroform and chlorobenzene.
The percentage of the thickness decrease for precursor Polyimide 1 was around 30%.
Since there was no wrinkling observed, the thickness decrease is approximately same as the
volume decrease for the thin films. It can be seen that the volume change correlated well with the
weight loss due to releasing the fumarate ( ~32% ). When the volume decrease is a major
concern, small dienophiles may be used to substitute fumarate to minimize the volume change.
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3.5.

Ethyl N-Sulfinylcarbamate as Dienophile

Ethyl N-Sulfinylcarbamate was synthesized by making some modifications in the
procedure used by Hanson et.al. [37].

Figure 53: Synthesis of Ethyl N-Sulfinylcarbamate

All Diels Alder reaction carried out using this compound as Dienophile did not yield the
desired product. A number of different conditions were tries including some with a known Diels
Alder catalyst.
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3.6.

N-Sulfinylacetamide as Dienophile

We tried to synthesize N-Sulfinylacetamide using the literature procedure used by Yong
et. el. [38].

Figure 54: Synthesis of N-Sulfinylacetamide

We were unsuccessful in synthesizing this compound using this procedure hence were
not able to verify the Diels Alder reactions of the compound. The main reason was due to highly
unstable nature of the compound which undergoes reverse reaction in presence of moisture

Figure 55: Decomposition of N-sulfinylacetamide in presence of moisture
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It would have been interesting to have a polyimide with sulfinyl group as an adduct as the
retro Diels Alder temperature of these compounds is between 120-180oC[32-33] which would
lower the temperature to which the polyimides have to be thermally treated to obtain fully
aromatic Polyimides.
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4.

CONCLUSIONS AND FUTURE WORK

In this Thesis we report the synthesis of Diels Alder precursors polyimides which are
soluble in many common organic solvent. The structure of the synthesized polymers was verified
by NMR and IR. The solution processing of the polyimides can be performed followed by
thermal treatment which results in side-chain free fully aromatic polyimides in situ. The thermal
treatment induces the retro Diels Alder reaction above 215 oC. The synthesized polyimides have
excellent stability. The decomposition temperature as found from TGA was around 500-550 oC
The solid-state retro-DA reactions were monitored by ATR-FTIR and UV-Vis spectra. Thin
films of the fully aromatic polyimides became insoluble and highly stable. Profilometery study
showed that after the thermal treatment, the films are smooth and pin-hole free, while the
volumes decreased with a percentage close to the weight loss. The surface of the films was also
studied by AFM and confirmed the results of Profilometery studies.
The synthesized polyimides can have a wide range of applications from thermal
patterning to Organic photovoltaics. The mechanical properties of the synthesized polyimides,
such as stress, rigidity and toughness, have to be further investigated. Also the effect of different
thermal treatment conditions has a profound effect on the final properties of the polymers, which
also needs to be investigated.
This work is important in the sense that a new method for the synthesis of highly
aromatic polyimides has been proposed which can be applied to synthesize a wide range of
polymers. Aromatic polyimides are particularly important class of polymers because of its
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applicability in wide range of demanding applications of the 21st century The approach we used
was novel and simple.
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5. EXPERIMENTAL SECTION
5.1.
1

Measurements

H NMR ( Nuclear Magnetic Resonance ) spectra were recorded on a Varian Unity Inova

500 MHz spectrometer. IR ( Infrared ) spectroscopy was performed on Bruker Vertex 70 ATRIR. TGA ( Thermo Gravimetric Analysis ) were determined on a TA Instruments TGA 2050.
Film thickness was determined on an Alpha Step 500 surface profiler. Film Surface was also
studied on a Dimension 3100 AFM ( Atomic Force Microscopy )
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5.2.

Synthesis Scheme

Figure 56: Overall Synthesis Scheme
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5.2.1. Synthesis of 2,6diamino anthracene

Figure 57: 2,6 Diaminoanthracene

This compound was synthesized following a literature method with modification in the
purification procedure [30] To a suspension of 2,6-Diaminoanthraquinone ( 4.36g, 0.018mol) in
10% sodium hydroxide solution(42ml) was added zinc dust (3.35 g) at room temperature. The
mixture was brought to reflux temperature and 95% ethanol (3.5 ml) was added to prevent
violent foaming. Further portions of zinc duct (2 x 3.35 g) were added after 30 and 60min had
elapsed. The mixture was then heated under reflux with vigorous stirring for 24 h. The solid was
filtered off from the mixture and washed with hot water until the washings were clear. This crude
product containing zinc residues was extracted by acetone. The acetone solution was passed
through a short silica plug and the solvent was evaporated under reduced pressure. The crude
product obtained was washed by acetone several times to obtain pure product. (1.5g, 40% yield)
1

H n.m.r. (DMSO-d6, 500MHz): δ/ppm = 7.80 (s,2H), 7.62 (d, 2H, J=8.9), 6.91 (dd, 2H, J=1.22,

8.9), 6.78 (s, 2H), 5.21 (s, br, 4H, -NH2)
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5.2.2. Synthesis of Diisopropyl Fumarate

Figure 58: Isopropyl Fumarate

A solution of fumaric acid (22.22g, 0.1915mol) in isopropanol (125 ml) containing concentrated
sulfuric acid (2.5 ml) was heated under reflux for 72 h. The solvent was removed in rotary
evaporator and the residue was partitioned between water and diethyl ether. The ether layer was
washed twice with water dried over MgS04, filtered and evaporated. The liquid residue was
passed through a silica column using solvent system of 1:9 Ethyl Acetate: Hexane. The yield of
product was (16.2g, 0.081mol, 43% yield).
1

H n.m.r. (CDC13, 3OOMHz): δ /ppm = 6.80 (s, 2H), 5.09 (septet. 2H), 1.29 (d, 12H).
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5.2.3. Synthesis of 5

Figure 59: Adduct of IPA Fumarate and Diamino Anthracene (5)

Compound 5 was synthesized following a literature method with modification in the
chromatography [30] Before use, chlorobenzene was dried over molecular sieves, A solution of
2,6-diaminoanthracene (2) (0.5g, 0.002mol) and isopropyl fumarate (4) (0.637g, 0.0032mol) in
chlorobenzene (40ml) was heated under reflux for 3 days, under an atmosphere of nitrogen. The
mixture was allowed to cool and most of the chlorobenzene was removed in rotary evaporator.
The brown oily residue was dissolved in a small volume of chloroform. This solution was added
with stirring to a large excess of hexane. The light brown precipitate formed was isolated by
filtration, washed with hexane and dried. The yield was (85%) 0.693g. The yield was (85%)
0.693g.
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 7.06 (d, J= 7.8, lH), 6.93 (d, J= 7.8, lH), 6.69 (d, J =

2.3, lH), 6.54 (d, J= 2.3, lH), 6.35 (dd, J=7.8, 2.3, 1H), 6.38 (dd, J=2.3, 7.8, 1H), 4.89 (m, 2H),
4.45 ( br, 2H, ), 3.51 (s, br, 4H, -NH2), 3.33 (m, 2H), 1.11 (m, 12H).
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5.2.4. Synthesis of 6

Figure 60: Adduct of Ethylene Fumarate and Diamino Anthracene (6)

Compound 6 was synthesized via a similar procedure as the synthesis of 5 except that ethylene
fumarate was used as the starting material. Before use, chlorobenzene was dried over molecular
sieves, A solution of 2,6-diaminoanthracene (2.08g, 0.0072mol) and ethylene fumarate (1.89g,
0.01mol) in chlorobenzene (25ml) was heated under reflux for 3 days, under an atmosphere of
nitrogen. The mixture was allowed to cool and most of the chlorobenzene was removed in rotary
evaporator. The brown oily residue was dissolved in a small volume of chloroform. This solution
was added with stirring to a large excess of hexane. The light brown precipitate formed was
isolated by filtration, washed with hexane and dried. The product was purified by column
chromatography [silica gel, ethyl acetate/ dichloromethane (l/6)]. The sticky substance obtained
is dissolved in ether and added dropwise to Hexane and collected by filtration The yield was
2.15g, 78%.
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1H n.m.r. (CDC13, 500MHz): δ /ppm = 7.06 (d, J= 7.8, lH), 6.95 (d, J= 7.8, lH), 6.68 (d, J =
2.2, lH), 6.56 (d, J= 2.0, lH), 6.38 (m, 2H), 4.47 (s, 2H, bridge), 4.06 (m, 4H), 3.51 (s, br, 4H, NH2), 3.33 (m, 2H), 1.21 (m, 6H).

5.2.5. Synthesis of 7

Figure 61: Adduct of 2-Amino Anthracene and IPA Fumarate (7)

A solution of 2-aminoanthracene (2.0 g, 0.0103mol) and isopropyl fumarate (4.72g, 0.0206mol)
in dry chlorobenzene (5ml) was heated under reflux for 3 days, under an atmosphere of nitrogen.
The mixture was allowed to cool and most of the chlorobenzene was removed in rotary
evaporator. The brown oily residue was dissolved in a small volume of chloroform. This solution
was added with stirring to a large excess of hexane. The light brown precipitate formed was
isolated by filtration, washed with hexane. The crude product was purified by column
chromatography [silica gel, 1:6 ethyl acetate/ dichloromethane]. The yield was (2.02g)
(0.0051mol) (50%).
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1

H n.m.r. (CDC13, 500MHz): δ /ppm = 7.30 (d, J=6.5, 1H), 7.17 (t, J=7.5, 1H), 7.0-7.1 (m, br,

2H), 6.97 (d, J=7.8, 1H), 6.72 (d, J=2.2, 1H), 6.39 (m, br, 1H), 4.89 (m, br, 2H), 4.57 (m, br, 2H,
bridge), 3.51 (s, br, 2H, -NH2), 3.36 (m, 2H), 1.19 (m, 12H).

5.2.6. Synthesis of Polymer 1

Figure 62: Polymer 1

Compound (6) 85mg (0.00022mol) and 46 mg (0.00022mol) of

Benzene tetracarboxylic

anhydride are mixed in a 10ml flask. 2 ml of m-cresol is used as a solvent and purged with N2.
8mg of isoquinoline is added to the mixture and reaction is allowed to go on for 12 hours at
135oC. The mixture is cooled down and added to 100ml of methanol to precipitate the polymer.
The polymer is washed with methanol till non sticky solid is obtained. The polymer is dissolved
in minimum amount of chloroform and precipitated in hexane and filtered. Total product
obtained (78mg) (0.00013mol) yield 60%.
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.47 (s, 2H), 7.55 (d, br, 2H), 7.46 (d, br, 2H), 7.29 (m,

br, 2H), 4.91 (d, br, 2H, bridge), 4.13 (m, 4H), 3.52 (m, 2H, bridgehead), 1.27 (m, 6H).

66

5.2.7. Synthesis of Polymer 2

Figure 63: Polymer 2

Compound (5) 150mg (0.00036mol) and 80mg (0.00036mol) of Benzene tetracarboxylic
anhydride are mixed in a 10ml flask. 2 ml of m-cresol is used as a solvent and purged with N2.
25mg of isoquinoline is added to the mixture and reaction is allowed to go on for 12 hours at
135oC. The mixture is cooled down and added to 100ml of methanol to precipitate the polymer.
The polymer is washed with methanol till non sticky solid is obtained. The polymer is dissolved
in minimum amount of chloroform and precipitated in hexane and filtered. Total product
obtained (255 mg) (0.00043mol).
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.46 (s, br, 2H), 7.54 (br, 2H), 7.42 (br, 2H), 7.29 (br,

2H), 5.02 – 4.84 (m, br, 4H), 3.45 (s, br, 2H), 1.33 – 1.14 (m, br, 12H).
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5.2.8. Synthesis of Polymer 3

Figure 64: Polymer 3

Compound (5) 200mg (0.00049mol) and 118mg (0.00049mol) of

4,5,6 Naphthalene

tetracarboxylic anhydride are mixed in a 10ml flask. 2 ml of m-cresol is used as a solvent and
purged with N2. 25mg of isoquinoline is added to the mixture and reaction is allowed to go on
for 12 hours at 135oC. The mixture is cooled down and added to 100ml of methanol to
precipitate the polymer. The polymer is washed with methanol till non sticky solid is obtained.
The polymer is dissolved in minimum amount of chloroform and precipitated in hexane and
filtered. Total product obtained (0.2531g) (0.00039mol) yield 80%.
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.83 (s, br, 4H), 7.04 – 7.64 (m, 6H), 4.98 (m, br, 4H),

3.57 (s, br, 2H), 1.22 (m, br, 12H).
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5.2.9. Synthesis of Oligomer 4

Figure 65: Oligomer 4

A mixture of 2.0g (5 mmol) of ( 7 ), 0.8g (2 mmol) of PTCDA and 500mg of Isoquinoline was
dissolved in 55 ml of m-cresol. The mixture was heated to 165oC for 12-15 hrs, then cooled
down to room temperature. The solution was added to (1/1 water/methanol) to precipitate the
product. The crude product was purified by silica gel column chromatography using 7:3
hexane/ethyl acetate, then 17:3 dichloromethane/ethyl acetate). The yield was 342mg (15%). The
low yield is due to large amount of m-cresol used to dissolve PTCDA.
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 8.69 – 8.41 (m, 8H), 7.50 – 7.07 (m, 14H), 5.01 – 4.72

(m, 8H), 3.53 – 3.43 (m, 4H), 1.27 – 1.13 (m, 24H).
5.2.10.

Synthesis of Ethyl NSulfinylcarbamate

In a 250ml 3 neck round bottom flask is added 9.08g of urethane in 65ml of ether. Add 7.5ml of
SOCl2 and cool the the mixture to 0oC. To this solution add 16.2 ml of pyridine over a 2 hrs
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period dropwise. The temperature is maintained between 0 to 5 oC. After the reaction is over the
mixture is filtered to remove the pyridine hydrochloride precipitate. (Take care to filter the
precipitate quickly as the pyridine hydrochloride is very hygroscopic and absorbs moisture to
form a liquid and is added back to the solution as impurity.) The product obtained was used as is
for the next step. The yeild obtained was 75%
1

H n.m.r. (CDC13, 500MHz): δ /ppm = 4.42 (quartet 2H), 1.41 (triplet 3H).
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6. APPENDIX
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6.1.
1

NMR DATA

H-NMR spectra of the selected compounds are shown for reference. The NMR were performed

on a Varian Unity Inova 500 MHz spectrometer.
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75
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6.2.

ATR-IR DATA

ATR-IR Data of selected compounds has been added for your reference. The ATR-IR was
performed on a Bruker Vertex 70 ATR-IR.
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6.2.1. Polymer 1

84

6.2.2. Polymer 2

85

6.2.3. Polymer 3

86

6.2.4. Oligomer 4
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6.3.

TGA DATA

Thermo Gravimetric Analysis of selected polymer has been added for reference. The TGA was
done using a platinum pan in a TA Instruments TGA 2050
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6.3.1. Polymer 3

89

6.3.2. Oligomer 4
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6.4.

PROFILOMETER DATA

The profilometer data of compounds has been added for reference. The thickness was determined
on an Alpha step 500 surface profiler.
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Before

Polymer 1

Polymer 2

Polymer 3

Bake After

Bake % decrease in Thickness

Thickness

Thickness

7014

4582

34.67%

6358

4406

30.70%

6641

4475

32.61%

6058

4342

28.32%

Average

31.57%

8952

6576

26.54%

8697

6024

30.73

8960

6579

26.57

10960

7926

27.68

2406

1924

20.03

Average

26.31

9635

7106

26.24%

4929

3726

24.31%

12910

9336

27.68%

12960

9489

26.78%
26.25%

Oligomer 4

4703

2961
Table 1: Profilometer Data
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37%

Thickness decrease of 1-4 after thermal treatment
1

2

3

4

Weight loss %

30

34

31

35

Thickness decrease %

32

26

26

37

Table 2: Profilometer Data for 1-4
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6.5.

AFM DATA

AFM Atomic Force Microscopy was perforormed on a Dimension 3100 AFM. I would like to
thank my friend Karan Tamhane for his help. As can be seen from the AFM images the surface
of the polymer was unchanged before and after the thermal treatment. This proves our claims
that the surface even after the thermal treatment is free from cracks and pinholes.
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6.5.1. Polymer 3
Before Thermal Treatment Scan Area = 5µm
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Before Thermal Treatment Scan Area = 80µm

96

After Thermal Treatment Scan Area = 5 µm

97

After Thermal Treatment Scan Area = 80 µm
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